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Introduction
There has been significant recent interest in the development of luminescent metal complexes for applications such as optical materials, organic LED, and fluorescent sensor for medical use [1] [2] [3] .
In particular, lanthanide complexes with characteristic emission caused from 4f orbital have been regarded as attractive luminescent materials for use in electroluminescent (EL) devices, laser, and luminescent bio-sensing applications [4] [5] [6] . Luminescent lanthanide complexes composed of lanthanide ions and organic ligand with π-conjugated system provide large absorption cross-section at the ligand-absorption bands and characteristic large stokes shift between the excitation and the emission bands. Bünzli and Parker have reviewed various types of luminescent lanthanide complexes [7] . We have also reported strong-luminescent Eu(III), Tb(III), Sm(III), Yb(III) and Nd(III) complexes with large emission quantum yield and radiative rate constants, recently [8] . A large number of scientific studies on luminescence lanthanide complexes have been reported [9] .
We here focus on photovoltaic application for enhancement of solar cell efficiency using strong-Luminescent Eu(III) complexes. First photovoltaic application using Eu(III) and Tb (III) bipyridyl complexes in polymer films have been reported by G. Adachi and K. Machida [10] .
Eu(III) complexes are expected to be a promising material for improvement of silicon and CdTe solar cells.
Previous Eu(III) complex in EVA films, Eu(tta) 3 , is generally composed of Eu(III) ion and diketonate ligands with thienyl groups, tta ligands. The thienyl groups in tta ligand decomposed under air because of their oxidation [14] . On the other hand, transparent EVA film as a matrix for fixation of Eu(III) complexes also produces acetic acid under water at high temperature (hydrolysis reaction). The acidic materials promote decomposition of luminescent Eu(III) complexes in EVA.
From these reasons, development of air-, thermal-and photo-stable structure of Eu(III) complexes in EVA would be required for future application in solar cells.
To protect Eu(III) complexes from oxygen, water, and acidic materials, we designed novel air-stable Eu(III) complex covered with acid-resistant polymer matrix. In this study, we here report novel luminescent polymer beads composed of Eu(hfa) 3 (TPPO) 2 (hfa: hexafluoroacetylacetonate, TPPO: triphenylphosphine oxide, Fig. 1a ) and PMMA(Polymethylmethacrylate) for enhancement of energy conversion efficiency of silicon solar cells. The Eu(hfa) 3 (TPPO) 2 without thienyl groups shows strong photo-, air-, and thermo-stable luminescence excited at around 300nm. We also prepared Eu(tta) 3 (TPPO) 2 for comparison of thienyl units with trifluoromethyl groups under irradiation and highly temperature (Fig. 1b) . The emission properties of Eu(hfa) 3 (TPPO) 2 and Eu(tta) 3 (TPPO) 2 were characterized by the emission quantum yields, the emission lifetimes, radiative and non-radiative rate constants. In order to protect around the Eu(III) complexes from acid materials, luminescent PMMA beads including Eu(III) complexes, Eu(hfa) 3 (TPPO) 2 -beads and Eu(tta) 3 (TPPO) 2 -beads, were prepared by the polymerization of methyl methacrylate with Eu(III) complexes and AIBN under water at 95 o C (Fig. 1 c) . Stability of luminescent beads was evaluated under UV irradiation (Xenon lamp: 60W/m 2 ) and highly temperature (120 o C). We also report enhancement of short-circuit current efficiency of solar cell module with Eu(hfa) 3 (TPPO) 2 -beads.
Photo-and thermo-stable EVA thin film with Eu(hfa) 3 (TPPO) 2 -beads for improvement of silicon solar cell have been demonstrated for the first time.
Experimental

Apparatus
FT-IR measurements were performed at room temperature by Perkin-Elmer system 2000 FT-IR spectrometer. 
Preparation of Eu(hfa) 3 (TPPO) 2
Methanol (100 mL) containing Eu(hfa-H) 3 (H 2 O) 2 (4.28 g, 6 mmol) and triphenylphospine oxide (TPPO) (2.78 g, 10 mmol) was refluxed under stirring for 12 hours. The reaction mixture was concentrated using a rotary evaporator. Reprecipitation by addition of excess hexane solution produced crude crystals, which were washed in toluene several times. Recrystallization from hot toluene/cyclohexane gave white needle crystals (Eu(hfa) 3 (TPPO) 2 ). Yield: 74%. 
Preparation of Eu(tta) 2 (TPPO) 2
4,4,4-trifluoro-1-(2-thienyl)-1,3-butanedione (tta, 0.67 g, 3.0 mmol), triphenylphosphine oxide (TPPO, 0.56 g, 2.0 mmol)) and 2,2′-iminodiethanol (0.32 g, 3.0 mmol) were dissolved in 40 ml of isopropanol. To this solution, a solution obtained by dissolving europium chloride (III) hexahydrate (0.37 g, 1 mmol) in 20 ml of a mixed solvent of water/isopropanol (1/4) was added dropwise at room temperature taking 2 hours, and stirring was further continued at room temperature for 1 hour.
A precipitate formed was filtered by suction, and washed with water and isopropanol. The resulting light yellow powder was dried under vacuum at 50° C. Yield: 72%. 
Preparation of PMMA beads with Eu(hfa) 3 (TPPO) 2 or Eu(tta) 3 (TPPO) 2 , Eu(hfa) 3 (TPPO) 2 -beads or Eu(tta) 3 (TPPO) 2 -beads
Eu ( . PMMA beads containing Eu(tta) 2 (TPPO) 3 was also obtained using the same method.
Preparation of EVA films containing Eu(hfa) 3 (TPPO) 2 -beads or Eu(tta) 3 (TPPO) 2 -beads
Triarylisocyanate (0.5 g), t-butyl peroxy-2-ethylhexyl monocarbonate (0.5 g), silane coupling agent (0.3 g), and PMMA beads including Eu(III) complex (0.5 g) were dispersed with EVA resin (copolymer: ethylene: vinyl acetate contents = 74: 26, 100g), before kneading process. The dispersion containing with them was kneaded at temperature 75 o C, and then EVA films were prepared by calendaring process. Thickness of the EVA films were found to be 0.5 mm.
Preparation of Stacked materials composed of EVA film and glass plates for experiments of photo-and thermo-stabilities
EVA film containing PMMA beads (thickness = 0.5 mm) was sandwiched by Glass plates (low iron glass: thickness = 3 mm). Sample heating is used by Module laminator equipped with hot plate in a vacuum environment, the rubber diaphragm for pressing. The Stacked materials composed of EVA film and glass plates were heated to 150 o C on the hot plate under vacuum for 5 minutes to removing air in the Stacked materials, and pressed for 20 min using Module laminator (LM-110×160-S, NPC Incorporated) for crosslinking EVA polymer . The prepared glass was used for estimation of emission stability under UV irradiation.
Preparation of silicon solar modules
A glass plate (low iron glass: thickness = 3mm), solar cell sealing film containing 
Optical Measurements
Absorption spectra of the lanthanide complexes were obtained with JASCOV-670 spectrometer. with an excitation wavelength of 465 nm (direct excitation of Eu(III) ions) for Eu(III) complexes [15] .
Result and discussion
Photophysical properties of Eu(III) complexes and luminescent beads
Eu(hfa) 3 (TPPO) 2 was synthesized by the ligand exchange reaction of TPPO with Eu(hfa) 3 (H 2 O) 2 and in methanol, according to our previous report [15] . On the other hand, Eu ( transition) are attributed to the electric dipole transition, which is strongly dependent on the coordination geometry. Notably, the electric dipole transition of Eu (tta) The time-resolved emission profiles of the Eu(III) complexes and luminescent beads revealed single-exponential decays with lifetimes in the millisecond timescale as shown in Figure 2b . The emission lifetimes were determined from the slopes of the logarithmic plots of the decay profiles.
The emission quantum yields ( f-f ), emission lifetimes ( obs ), radiative (k r ) and nonradiative (k nr ) rate constants are summarized in ), which is directly linked to the suppression of vibrational relaxation using low-vibrational frequency hfa ligands [8a] . We suggest that luminescence properties of Eu(hfa) 3 (TPPO) 2 might be superior to those of Eu(tta) 3 (TPPO) 2 as a luminescent material.
Estimation of Thermo-and photo-stability of luminescent beads
In order to protect Eu(III) complex from acidic materials in EVA, Eu(hfa) 3 (TPPO) 2 was covered with PMMA matrix. The protection of Eu(III) complexes using PMMA expected to provide enhancement of stability in EVA films for solar cell. The SEM image is shown in Figure 3a . We observed spherical shapes of PMMA beads with Eu(hfa) 3 (TPPO) 2 . From the elemental analysis using EDX measurement, we found the Eu-ions in PMMA beads. The average diameter of the beads was estimated to be 71.8 μm.
The thermo-stability of EVA thin films containing Eu(hfa) 3 (TPPO) 2 with and without PMMA protection on the silica-glass substrate were examined under air at 120 o C. The time-dependence profiles of the emission intensity of the films excited at 325 nm are shown in Fig. 4a Figure S1 ).
The time-dependence profiles of emission intensities of EVA thin films containing luminescent Eu(hfa) 3 (TPPO) 2 and Eu(tta) 3 (TPPO) 2 beads under UV irradiation (Xenon lamp: 60W/m 2 ) are also shown in Fig. 4b . The emission intensity of EVA thin films with luminescent Eu(tta) 3 (TPPO) 2 was drastically decrease with increase of the irradiation time, quickly. The decease is caused by degradation of thienyl group in the diketonate ligands. Thienyl group is decomposed by the photochemical oxidation under air [16] . The degradation of thienyl group can be observed using decrease of the absorption band of tta ligands. Luminescent Eu(hfa) 3 (TPPO) 2 beads without thienyl group shows slight decrease of the emission intensity under 100 hours.
Here, We calculated the durable lifetime of Eu (hfa) ). Durable lifetime of luminescent materials is defined as time until the emission intensity decreases 10%. Based on the calculation, the durable lifetime of luminescent Eu(hfa) 3 (TPPO) 2 under outdoor exposure for industrial test is estimated to be ten years under air. We also found that the photo-stability of Eu(hfa) 3 (TPPO) 2 -beads is twenty times larger than that of Eu(tta) 3 (TPPO) 2 -beads. We have successfully prepared thermo-and photo-stable Luminescent Eu(hfa) 3 (TPPO) 2 -beads in EVA thin films.
Performance of Eu(hfa) 3 (TPPO) 2 -beads for of solar cell modulation
EVA is generally used as a surface protector for silicon solar cells. EVA films containing Eu(hfa) 3 (TPPO) 2 -beads are expected to be useful in application for enhancement of energy conversion efficiency of silicon solar cells. In order to estimate the performance of EVA films containing Eu(hfa) 3 (TPPO) 2 -beads for solar cells, prepared EVA thin films were attached on the silicon solar cells. Configuration of the solar cell module with EVA films is shown in Fig. 5a .
Finally, iron glass plate is attached to the front surface of solar cell with EVA for protection solar cells from natural hails and dirts under outdoors. Using this module, we carried out the measurement of short-circuit current efficiency. The short-circuit current efficiency of solar cell module under solar simulator are shown in Fig. 5b . The short circuit currents are normalized at silicon solar cell without EVA films. Short circuit current of solar module containing luminescent Eu(hfa) 3 (TPPO) 2 beads were found to be approximately 1.02. We have observed increase of 2 % of the solar cell short circuit current, totally. The magnitude of increase efficiency is larger than those of recent solar cell with wavelength converters [18] . Luminescent Eu(hfa) 3 (TPPO) 2 beads in EVA is effective for enhancement of solar energy conversion efficiency of general silicon solar cells.
Conclusions
Photo-and thermo-stable luminescent beads composed of Eu(hfa) 3 (TPPO) 2 and PMMA were successfully prepared for improvement of silicon solar cells. The stability for outdoor exposure test is estimated to be 10 years. The remarkable stability is based on introduction of photo-stable Eu(hfa) 3 (TPPO) 2 and protection of PMMA from acid materials in EVA films. The EVA containing Eu(hfa) 3 (TPPO) 2 beads are expected to be used as a effective protection and improvement film for solar cell under highly temperature and humidity conditions. 
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